In this paper the anisotropy of anomalous scattering at the Br K-absorption edge in brominated nucleotides is investigated, and it is shown that this effect can give rise to a marked directional dependence of the anomalous signal strength in X-ray diffraction data. This implies that choosing the correct orientation for crystals of such molecules can be a crucial determinant of success or failure when using single-and multiple-wavelength anomalous diffraction (SAD or MAD) methods to solve their structure. In particular, polarized absorption spectra on an oriented crystal of a brominated DNA molecule were measured, and were used to determine the orientation that yields a maximum anomalous signal in the diffraction data. Out of several SAD data sets, only those collected at or near that optimal orientation allowed interpretable electron density maps to be obtained. The findings of this study have implications for instrumental choices in experimental stations at synchrotron beamlines, as well as for the development of data collection strategy programs.
In this paper the anisotropy of anomalous scattering at the Br K-absorption edge in brominated nucleotides is investigated, and it is shown that this effect can give rise to a marked directional dependence of the anomalous signal strength in X-ray diffraction data. This implies that choosing the correct orientation for crystals of such molecules can be a crucial determinant of success or failure when using single-and multiple-wavelength anomalous diffraction (SAD or MAD) methods to solve their structure. In particular, polarized absorption spectra on an oriented crystal of a brominated DNA molecule were measured, and were used to determine the orientation that yields a maximum anomalous signal in the diffraction data. Out of several SAD data sets, only those collected at or near that optimal orientation allowed interpretable electron density maps to be obtained. The findings of this study have implications for instrumental choices in experimental stations at synchrotron beamlines, as well as for the development of data collection strategy programs.
Introduction
Anomalous scattering methods have achieved tremendous successes in the structure determination of proteins and nucleic acids by X-ray diffraction (Ogata, 1998; Hendrickson, 1999) . These methods exploit the resonant behaviour of heavy atoms in the macromolecule when the photon energy of the incident X-rays is in the vicinity of one of their absorption edges (Hendrickson, 1991) . Resonance effects produce variable phase shifts that lead to the breakdown of Friedel's law, and the resulting intensity differences serve for determining structure-factor phases. Anomalously scattering atoms can be naturally present in the macromolecule (as e.g. in metalloproteins) or else they may have been incorporated either by chemical attachment or via recombinant DNA technologies. The incorporation of selenomethionine into recombinant proteins has now become the dominant method of labelling proteins with anomalously scattering atoms. Today, the vast majority of new protein crystal structures are solved by anomalous scattering experiments on selenated samples. The chemical incorporation of brominated nucleobases has become an equally important technique for the structure determination of nucleic acids (Correll et al., 1997) . The resonance effects taking place in the anomalously scattering atoms are expressed in terms of the real and imaginary anomalous scattering factors f 0 and f 00 , which are functions of the X-ray photon energy (i.e. of the wavelength of the radiation) and show significant variations in the vicinity of absorption edges. Anomalous scattering methods are therefore chiefly applied at synchrotron radiation sources, where the wavelength is tunable over a large spectral range (Hendrickson, 1999) . In order to maximize the phasing power in anomalous scattering methods, X-ray data are collected at one (SAD, single-wavelength anomalous diffraction) or several wavelengths (MAD, multi-wavelength anomalous diffraction) where the anomalous scattering factors f 0 and f 00 reach extremum values (e.g. minimum of f 0 and maximum of f 00 ). The phasing power generated by anomalous differences is directly proportional to f 00 . Thus, in MAD experiments, at least one of the measurements is carried out at the wavelength where f 00 is maximum, and in an optimized SAD experiment this is usually the single wavelength that is selected. Specific amplification of the anomalous signal strengths can be achieved by exploiting the near-edge features in f 00 spectra, which often display a narrow peak: the so-called 'white line'. Thus, the success of a MAD or optimized SAD ‡ These authors contributed equally to this work. experiment depends critically on the careful choice of the wavelengths (Gonzá lez, 2003) . To that purpose, an X-ray absorption spectrum (in fluorescence excitation mode) of the crystal sample is usually recorded prior to the collection of diffraction data. This spectrum can be transformed into f 0 and f 00 spectra which enable the experimenter to select the optimal wavelengths (Evans & Pettifer, 2001) . Devices for recording such absorption spectra are now standard equipment at SAD/ MAD-capable synchrotron beamlines. While the SAD/MAD methods are robust and have been very successful, they still do not always lead to structure solution. They are typically prone to failure when the anomalous signal is too weak. In such situations, even small enhancements of the anomalous signal can make the difference between success and failure of experimental phasing.
The anomalous scattering terms for isolated atoms are scalars but, generally, chemical bonding and the symmetry of the atom's environment induce a directional dependence of f 0 and f 00 on the direction of linear polarization of the X-ray beam. Such anisotropy of anomalous scattering is, however, only significant in the near-edge region, as has been experimentally demonstrated in numerous investigations for salts and small-molecule compounds (Templeton & Templeton, 1982 , 1995 Kirfel et al., 1991; Dmitrienko, 1983) . A comprehensive review of these studies has been presented by Dmitrienko et al. (2005) . Anisotropy of anomalous scattering has also been observed for selenated proteins Fanchon & Hendrickson, 1990; Bricogne et al., 2005) , and in metalloproteins (Hendrickson et al., 1988) . Since the X-radiation delivered from synchrotron sources is almost linearly polarized, there can be pronounced modulations of f 0 and f 00 as a function of the crystal orientation. In the present communication, we (i) report measurements of the anisotropy of anomalous scattering in brominated nucleotides and (ii) demonstrate that the correct choice of sample orientation can be as important as the correct choice of wavelength for the success of a SAD or MAD experiment, particularly in the case of brominated nucleic acids. Earlier we have suggested that the anomalous scattering signal strength in selenated protein crystals might be improved by a judicious choice of crystal orientation (Bricogne et al., 2005) . Here we show that in the case of brominated nucleic acids, choosing the optimal crystal orientation can be crucial for a successful structure determination.
Anisotropy of anomalous scattering in 5-bromouracil
In a brominated DNA or RNA molecule, the bromine atom is bound to a carbon atom of the nucleobase ring system (Correll et al., 1997) . Thus, 5-bromouracil is frequently used as a substitute for uracil or thymine in order to exploit the anomalous scattering effects of bromine since the linear C-Br bond can give rise to a strong anisotropy of anomalous scattering at the Br K edge (Templeton & Templeton, 1995; Bricogne et al., 2005) . Although there have been attempts to include the anisotropy of anomalous scattering in data processing and phasing methods for macromolecular structure determination (Fanchon & Hendrickson, 1990) , these effects are not routinely taken into consideration. This can be partly explained by the fact that relatively little is known about the tensor properties of the scattering factors of covalently bound anomalous scatterers that are normally used in bio-macromolecules. Indeed, the vast majority of experimental studies of anisotropy of anomalous scattering were conducted on inorganic salt and oxide crystals. Here, we have measured a series of polarized absorption spectra of a single crystal of 5-bromouracil in order to completely map the polarization dependence of anomalous scattering in brominated nucleobases. These data may serve as standards for improved modelling of anomalous scattering factors in macromolecular structure research (i.e. by replacing theoretical or experimental isotropic single-atom f 0 and f 00 curves).
Experimental
Crystals of 5-bromouracil were grown by dissolving the commercially available product (Acros Chemicals) in hot water (353 K), followed by slow cooling of the solution to room temperature. A single crystal of size 100 Â 30 Â 30 mm was mounted on a glass fibre and cooled to 100 K in a nitrogen cryostream for subsequent measurements. All X-ray experiments were carried out at station BM01A of the Swiss-Norwegian Beamlines (SNBL) at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. This beamline is installed at a bending magnet and is equipped with a double Si(111) crystal monochromator and focusing mirrors. The endstation is a KM6-CH six-circle kappa diffractometer manufactured by Oxford Diffraction Ltd, equipped with a large-size Onyx CCD area detector. Previous measurements have established that the degree of linear polarization in the horizontal plane (i.e. the plane defined by the electron orbit in the synchrotron storage ring) of the X-radiation is better than 0.96 (Birkedal, 2000) . A first diffraction data set was recorded in order to assess the crystal quality and to determine an orientation matrix. Polarized absorption spectra were then measured in fluorescence excitation mode using a Ce:YAP scintillation counter (Bede PLC EDRc X-ray detector) mounted in the horizontal plane and perpendicular to the incident beam direction in order to minimize background contributions from elastic scattering processes. For the recording of absorption spectra around the Br K edge (theoretical free atom value: E = 13474 eV, = 0.9202 Å ) the following layout was used: (i) energy range 13300-13440 eV: steps of 2 eV; (ii) energy range 13440-13520 eV: steps of 0.5 eV; (iii) energy range 13520-13700 eV: steps of 2 eV; (iv) energy range 13700-13900 eV: steps of 4 eV. The counting time at each step was 2 s and the incident beam was attenuated so as to obtain maximum counts of the order of 10 6 .
The sample crystallizes in space group P2 1 =c with cell parameters a = 8.663 (2), b = 6.927 (2), c = 11.497 (4) Å and = 123.92 (3) . There are four symmetry-related molecules of 5bromouracil in the unit cell ( Fig. 1) , packed with all C-Br bonds almost perpendicular to ½0 1 0 and within 20 parallel to ½1 0 0 (Sternglanz & Bugg, 1975) . Absorption spectra were recorded for seven different crystal orientations, for which the polarization direction of the X-radiation was aligned along ½1 0 0, ½0 1 0, ½0 0 1 Ã , ½0 0 1, ½1 0 0 Ã , ½1 1 1 and ½1 1 1 Ã . The raw absorption spectra were converted to f 0 and f 00 spectra using the program CHOOCH (Evans & Pettifer, 2001) .
Results and discussion
In the vicinity of the Br K edge, polarized absorption spectra of 5-bromouracil exhibit a pronounced linear dichroism (Fig. 2) . In order to obtain information about the possible anisotropy of anomalous scattering in brominated nucleobases, we have mapped the set of the seven experimental spectra onto molecular directions. Principal directions for the anomalous scattering tensors can be inferred from the symmetry of the local environment of the Br atoms (see Fig. 3 ) with (i) the direction parallel to the C-Br bond (designated u), (ii) the direction perpendicular to the C-Br bond and parallel to the plane of the nucleobase ring (designated v) and (iii) the direction perpendicular to the nucleobase ring (designated w). For each of the four symmetry-related Br sites j in the unit cell, the anomalous scattering tensors can be expressed by the similarity transformations 1
and
where B j are orthogonal matrices whose columns are the components of the vectors defining the principal directions u, v and w in whatever orthonormal basis has been chosen, and the matrices D 0 and D 00 are diagonal matrices whose elements denote the principal values along the molecular directions u, v and w,
Since each experimental spectrum f 0 k ; f 00 k is associated with a particular polarization direction p k in the crystal, the seven polarized spectra were used to solve the linear equations for the unknown principal values f 0 u , f 0 v , f 0 w and f 00 u , f 00 v , f 00 w , 
Figure 2
Polarized absorption spectra at the Br K edge for seven orientations of 5-bromouracil crystals. The plots show the fluorescence intensity yields after normalization. Thus, all spectra are on the same scale, but are arbitrarily shifted on the vertical axis for clarity.
Figure 3
Local coordinate system assigned to the Br atoms in 5-bromuracil.
Figure 1
Molecule packing in the unit cell of 5-bromouracil crystals. The Br atoms are highlighted as green spheres. All C-Br bonds are almost perpendicular to ½0 1 0 and within 20 to ½1 0 0. and
Both systems of linear equations were solved by singular-value decomposition at every energy point E, and the resulting spectra for the principal values are plotted in Fig. 4 . These results are in good agreement with earlier data obtained for a Br attached to a benzene ring (Templeton & Templeton, 1995; Bricogne et al., 2005. The f 00 spectra show substantial variations with orientation. In particular, the white line is most pronounced along u (i.e. the direction parallel to the C-Br bond), whereas it completely disappears when the polarization vector of the X-ray beam is perpendicular to the C-Br bonds. In the f 0 spectra, a dramatic shift by more than 7 eV in the energy position of the minimum (the so-called inflection point) is observed when the direction of polarization is changed from parallel to perpendicular to the C-Br bonds.
The white lines in the X-ray absorption spectra of simple solids have been qualitatively explained as being due to electronic transitions into a high density of final states (Brown et al., 1977) . For example, at the K-absorption edge, a 1s electron makes a transition into empty final states of 'p' symmetry, as dictated by the dipole selection rules (Ál = AE1). By analogy, for molecular compounds, a resonance giving rise to a white line at the K edge can be understood in the one electron picture as the transition of a 1s core electron to an empty antibonding molecular orbital of 'p' symmetry. In 5bromouracil, the exact site symmetry of the Br atom is C s , but can be approximated by C 2v with the twofold symmetry axis along the C-Br bond if only the nearest neighbour atoms are considered. From our experimental data, we observe that the white line is absent for all polarization directions perpendi-cular to the C-Br bond. We thus conclude that the antibonding orbital involved in the white-line must be of symmetry A 1 (in C 2v ). In compounds where the Br is bound to an sp 2 C atom, this is the antibonding Ã ðpÞ molecular orbital, which is a linear combination of the C 2sp 2 z and Br 4p z orbitals, respectively (z being oriented along the C-Br bond). This interpretation is supported by earlier X-ray absorption studies on Br-doped polyacetylene (Oyanagi et al., 1984) and by our observation that the polarized absorption spectra of 5bromouracil are virtually identical to those of other brominesubstituted aromatic compounds (Schiltz et al., unpublished results) . We therefore assert that the f 0 and f 00 reference data, here derived for 5-bromouracil, may also serve as standards for other bromine-substituted nucleotides.
Polarization-dependence of anomalous scattering in crystals of brominated DNA
Since brominated nucleobases are key compounds in SAD/ MAD phasing of nucleic acids, we investigated the possible impact of the anisotropy of anomalous scattering on the experimental phasing of the brominated Z-DNA duplex d(CGCG[BrU]G).
Experimental
The brominated Z-DNA duplex d(CGCG[BrU]G) was produced by chemical synthesis along standard lines. There are two brominated residues per DNA duplex. A single crystal of size 80 Â 200 Â 100 mm was mounted on a nylon fibre loop and flash frozen in liquid nitrogen. All measurements were carried out on the SBC-CAT beamline 19ID at the Advanced Photon Source (APS) in Argonne (IL), USA (Rosenbaum et al., 2006) . The crystal was oriented with the aid of a computercontrolled Kappa goniostat. The crystal symmetry is P2 1 2 1 2 1 . This can give rise to differences in the f 00 spectra recorded with the X-ray polarization vector parallel to ½1 0 0, ½0 1 0 and ½0 0 1, respectively. X-ray absorption spectra were recorded in fluorescence excitation mode on a single cryo-frozen crystal in three different orientations, i.e. with the polarization vector (I) parallel to ½1 0 0, (II) at 35 to ½0 1 0 and (III) parallel to ½0 0 1 (because of angular restrictions of the crystal goniostat instrument used in these experiments, it was not possible to align ½0 1 0 exactly parallel to the polarization direction). The diffraction data were then collected for the same three crystal orientations, in the same order at the single wavelength of 0.9199 Å , corresponding to the energy position of the white line (13.477 keV). The data were separately integrated for each set using MOSFLM (Leslie, 1993) . Further data processing was carried out using programs of the CCP4 software suite (CCP4, 1994) . Details of the data collection and reduction parameters for the three data sets are presented in Table 1 . The Br sites were located by anomalous-difference Patterson maps. Heavy atom refinement and phasing were carried out along the standard lines using SHARP (Bricogne et al., 2003) , followed by density modification using SOLOMON (Abrahams & Leslie, 1996) . The structure was refined with Principal values of the anomalous scattering tensors for Br in 5bromouracil. Black curves: along direction u (parallel to the C-Br bond). Red curves: along direction v (perpendicular to the C-Br bond and parallel to the plane of the nucleobase ring). Green curves: along direction w (perpendicular to the nucleobase ring). reflection data obtained from merging all three orientations using the program REFMAC (Murshudov et al., 1997) . Water molecules were located by weighted difference Fourier maps. Anisotropic displacement parameters were refined for all DNA atoms, and hydrogen atoms were included at their idealized positions. The refinement statistics are reported in Table 2 . The coordinates of the final structure model have been deposited in the RCSB Protein Data Bank (accession number 2OBZ).
Results and discussion
The absorption spectra display marked variations in the near-edge features (Fig. 5) , concurring with the features observed for crystals of 5-bromouracil. The absorption spectra recorded here are, however, not of the quality of those measured on 5bromouracil. They were measured under experimental conditions closely matching those of a standard MAD experiment, where the absorption spectra are collected in rather short times and thus with limited counting statistics, because they are primarily used to select the optimal wavelengths for performing the subsequent diffraction measurements. Nevertheless, the data clearly show that the white line is completely absent in the spectrum where the polarization direction parallels ½0 0 1, whereas it is most pronounced when the polarization direction is close to ½0 1 0. For each of the three crystal orientations, structure determination via SAD phasing was attempted with established procedures. Anomalous-difference Patterson maps display significant variations of the signal strengths as a function of the crystal orientation (Fig. 6) . Only with the data from the orientations (I) and (II) was it possible to solve the crystal structure, with the data (II) yielding by far the best electron density map (Fig. 7 ). An inspection of the molecular structure reveals the origin of the strong directional dependence of the anomalous scattering ( Fig. 8 ): all C-Br bonds in the unit cell are located in planes almost perpendicular to ½0 0 1 and preferentially oriented along ½0 1 0.
The data were analysed with great care in order to assess whether X-ray-induced radiation damage at the Br sites would have caused the failure of phase determination from data set (III) (Ennifar et al., 2002) . For all data sets, dose-dependent occupancy decay factors were refined for the Br atoms (Schiltz 
Figure 5
Polarized spectra of the f 00 anomalous scattering factor in the vicinity of the Br K edge, recorded for three different orientations (see inset) of a single crystal of d(CGCG[BrU]G).
et al., 2004) but their final values were very close to zero. Also, for the data set (II), the white line in the absorption spectrum is largest. Had there been significant radiation damage at the Br sites, one would have expected a continuous decrease in the anomalous signal strength from the first to the second data set (Ennifar et al., 2002) . This was not, however, the case. Finally, refinements of the whole Z-DNA duplex structure were independently carried out using each of the three data sets. No significant changes in the occupancies of the Br atoms were observed. Since the crystals are strongly diffracting, even at high scattering angles, synchrotron data of non-brominated Z-DNA duplex could be collected to 0.55 Å resolution (Sanishvili, unpublished results). Thus, the diffraction data reported here were recorded quickly and with a minimal X-ray dose. We therefore conclude that radiation damage at the Br sites was not an issue and that the observed modulations of the anomalous signal strengths can be exclusively attributed to anisotropic anomalous scattering, as discussed above.
Conclusion
Our results demonstrate that there is substantial anisotropy of anomalous scattering in the vicinity of the Br K edge in brominated nucleotides. Thus, when applying SAD phasing near the K-absorption edge of brominated DNA or RNA molecules, the correct choice of crystal orientation with respect to the direction of the synchrotron radiation polarization can be as crucial for a successful structure determination as is the correct choice of wavelength. Obviously, selecting the optimal crystal orientation will also be important for improving the quality of phases obtained from MAD experiments. The present study shows furthermore that absorption spectra recorded on randomly oriented single crystals cannot necessarily be transfered from one sample to another. These conclusions are particularly important for brominated nucleic acid structures, since the stacking of bases in the DNA molecules implies that the directions of all C-Br bonds in the molecule are confined to more-or-less parallel planes perpendicular to the helix axis. Thus, even if there are 
Figure 6
Anomalous-difference Patterson maps (asymmetric unit of the Harker section z = 1/2) of d(CGCG[BrU]G). Maps were computed from diffraction data recorded with the X-ray polarization direction (a) parallel to ½1 0 0, (b) at 35 to ½0 1 0 and (c) parallel ½0 0 1. Contours are at intervals of 1 (where is the root-mean-square of the map density), starting at 2 above the mean density.
several brominated residues in the molecule, the directions of the C-Br bonds are likely to produce a net overall directional dependence of anomalous scattering. Also, in the vast majority of nucleic acid crystal structures, the helix axis coincides with one of the crystal axes (Timsit & Moras, 1992; Berman, 1997) , so that the specific resonant enhancement of the anomalous signal (due to the white line) cannot be exploited along that direction. In fact, the reference data obtained on 5-bromouracil show that the optimum choice of wavelengths in a MAD experiment cannot be made independent from the crystal orientation, as the energies of the extremum values in the f 0 and f 00 spectra depend on the sample orientation. In the context of anomalous scattering experiments on selenated protein crystals of non-cubic symmetry, we have proposed earlier that the optimal crystal orientation can be determined from a series of polarized absorption spectra on differently oriented samples without needing a priori knowledge of the molecular structure (Bricogne et al., 2005) . This procedure can also be applied to crystals of brominated nucleic acids, as was shown here. The practical implementation of this method requires, however, the availability of computer-controlled multi-axis goniostats at synchrotron beamlines. Wavelength tunability and stability are nowadays prime objectives in the design of MAD-capable beamlines, and adequate instrumentation for the recording of absorption spectra is considered to be essential. The present study suggests that also multi-axis goniostats should become an indispensable part of the equipment, since anomalous scattering properties can generally depend on both radiation energy and crystal orientation.
